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INTRODUCTION 
The photoinductive (PI) imaging method is a relatively new NDE technique that combines 
eddy current and laser-based thermal wave methods.[1,2] It provides an imaging technique with 
microscopic resolution using eddy current sensors. We have applied this technique to characterize 
comer cracks at the edge of a bolt hole. 
Photoinductive mapping of eddy current fields interacting with cracks is a newly devised 
technique that is similar to thermal wave imaging, but is based on eddy current detection of thermal 
waves. Thermal waves produce a localized modulation of electrical conductivity in the specimen, 
which can be detected through its effect on the impedance of a nearby eddy current coil. Moulder, 
and others [2-4] showed that this new technique can also be used to calibrate and characterize eddy 
current probes. This probe characterization method offers a means to determine the electric field 
intensity of eddy current probes, a quantity that is directly related to their performance for flaw 
detection and characterization. One promising feature of photoinductive imaging is its potential 
for high resolution, especially when compared with the resolution possible with eddy current 
probes alone. Moulder et al.[5,6] experimentally showed the high resolution capability inherent in 
this technique by adapting a photoinductive sensor to an existing photoacoustic microscope. 
In this article we describe new experiments designed to apply the photoinductive imaging 
technique to bolt-hole cracks. We show and compare measurement results for 0.25-mm, 0.50-mm. 
and 0.75-mm rectangular and triangular EDM notches. We demonstrate that the PI imaging 
technique can be used to image cracks by displaying images of actual fatigue cracks. We also 
show measurement results for a very small EDM notch « 0.25 mm), which would have been 
difficult to detect using conventional eddy current techniques. 
The organization of this article is as follows. We introduce the physics of the PI imaging 
technique in the next section. The PI imaging system is briefly described, and then we present the 
experimental results using PI imaging. We show that the PI technique can reveal information 
about the depth, length and shape of comer EDM notches. We also discuss the phenomenon of PI 
imaging in this section. Finally, we conclude with a brief summary and conclusions. 
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THE PHOTOINDUCTIVE EFFECT 
The photoinductive imaging method is a technique that combines two NDE modalities: 
thermal-wave and eddy current methods. The physics of the technique are thermophysical in 
nature. Although there exist theoretical calculations that predict the PI signal for simple geometry 
[7], theoretical predictions for more complex crack shapes are still under development. We 
introduce the basic phenomenology of the PI technique in this section. 
A generic inspection geometry for the PI method is illustrated in Fig. I. The method works in 
an exciter-receiver mode. A heat source such as a laser beam is used to excite a specimen 
thermally, and an EC probe is placed near the excited region to detect the resulting thermal 
excitation. Let T(x) denote the temperature distribution in the specimen. The electrical properties 
such as conductivity (J and permeability 11 of the specimen metal are temperature dependent, and 
therefore any temperature variation Ll T results in variations of (J and 11 via 
LlO' = dO' LlT 
dT ' 
An EC probe, on the other hand, is sensitive to the quantities Ll(J and Llll through the usual EC 
phenomena. Consequently, it can detect the thermal fluctuation LlT through Eq. (I). 
(I) 
In principle, the PI effect can be calculated as follows. A modulated laser beam is focused on 
the surface of the conductive metal. The resulting temperature fluctuation induces a highly 
localized change in the conductivity and permeability of the metal, which in turn induces a change 
in the impedance of the eddy current probe. It can be shown from Auld's reciprocity relation [7,8] 
that this impedance change is 
(2) 
where V is the entire volume of the metal, E and H are the electric and magnetic field intensities 
in the metal when laser beam is on, £' and "ii' are the electric and magnetic field intensities in 
the metal when laser beam is off, (0 is the angular frequency of eddy currents, LlT is the ac 
temperature change in the metal, and (J and 11 are the conductivity and permeability of the metal. 
For practical calculations a perturbation approach may be used to simplify the calculation. Since 
the temperature fluctuation induces only a small perturbation to the fields, the perturbed fields can 
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Figure 1. Generic photoinductive inspection geometry. A laser beam is used to excite the 
specimen thermally, and an EC probe is used to detect the resulting thermal excitation . 
be replaced by the unperturbed fields with good accuracy. For our experiments, a Ti-6AI-4V 
(nonmagnetic) metal was used so that dWdT=O and the H· H' term vanishes. In the quasi-static 
approximation only the tangential components of if and H contribute to Eq. (2). 
The resolution and quality of the PI image are governed by laser beam focusing, chopping 
frequency and eddy current frequency. The spatial resolution of this technique is governed only by 
the size of the thermal spot, one of the main advantages of the PI technique over other methods. 
The image blurring effect is caused by temperature diffusion and laser beam size.7 The laser-beam 
size can be reduced optically by focusing, while the temperature diffusion effect can be reduced by 
increasing chopping frequency. The thermal wave is governed by the thermal diffusion equation 
[9] 
(3) 
where a = A. / PmCp . The temperature distribution extends only over a finite range given by the 
thermal diffusion length, /j Ih = ~2A / P mC pQ , where Q is the angular laser chopping frequency, "-
is the thermal conductivity, pm is the material density, and Cp is the specific heat of the material. 
The reason why the PI imaging technique can be used to map comer cracks is mainly due to 
the way that eddy currents flow around the crack. The induction of eddy currents in the metal is 
also governed by a diffusion equation, 
(4) 
Consider a metal specimen with conductivity 0' and permeability ~, in close proximity to an eddy 
current probe driven with an ac current source operating at the angular frequency ro. Owing to 
their resistivity, metals are diffusive media for electromagnetic fields, and the penetration of the 
fields into the metal is given by the skin depth oee, where /jee = ~2/ J1(1OJ. The diffusion length of 
eddy currents, which in some ways is analogous to the thermal diffusion length, can dominate the 
shape ofthe crack image. 
The photoinductive image results from a complex interaction of the eddy currents with the 
temperature field in the material. Thus, the eddy current skin depth (oee) and the thermal diffusion 
length (o,h) have a strong effect on the signal. We wish to determine the shape of the crack, 
especially the depth and length. The eddy current skin depth predominantly affects the shape 
determination. In order to reveal the shape of the crack, the eddy currents must be distributed as 
uniformly as possible around the crack. We expect that when lower frequency eddy currents are 
applied, a better image of the crack will be obtained. On the other hand, the main effect of thermal 
diffusion length is on image resolution and crack depth information. In order to reveal more depth 
information, the thermal diffusion length should be as long as possible. Nevertheless, longer 
thermal diffusion length will involve more volume affected by the thermal energy. This means that 
the resolution of the image will be reduced when the thermal diffusion length is increased. 
PHOTOINDUCTIVE IMAGING SYSTEM 
The instrument we built to image bolt-hole comer cracks using the photoinductive technique is 
shown in Fig. 2. The PI system comprises a personal computer with a GPm control board, an 
eddyscope, two lock-in amplifiers, a laser beam chopper, an argon ion laser, a motion controller for 
the positioning stage, and the optical subsystem. The computer subsystem controls the operation 
of the entire instrument: acquiring, analyzing, displaying, and storing the data. The eddyscope 
detects fluctuations in the impedance of an eddy current probe, and displays them in the impedance 
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Figure 2. Photoinductive imaging system. 
plane format (the imaginary component is usually on the vertical axis, and real along the horizontal 
axis). The laser source is a medium-power (5 W nominal power), multi-mode argon ion laser. The 
laser output is modulated with a chopping wheel. Ordinarily, we operate the laser at 0.4--1 W 
power and at 10-100 Hz chopping frequency. Modulation of the argon laser is required for the 
signal detection scheme we employ. The lock-in amplifiers use synchronous detection to measure 
small signals in the presence of noise via the super-heterodyne method, which requires a carrier 
with amplitude modulation (AM). Although the instrument records all the photoinductive signal 
components (magnitude and phase), in this article we only present data on the absolute magnitude 
of the signals. 
The specimens used for this study are titanium blocks (Ti-6AI-4V) with 6-mm bolt holes. The 
specimens contain EDM notches at the edge of the bolt hole (Fig. I). The notches are 0.25, 0.50 or 
0.75 mm in both length and depth, and 0.1 mm in width. The shape of the notches are either 
triangular or rectangular. A specially designed coil probe (inner diameter = 2.54 mm, outer 
diameter = 4.1 mm, length = 0.76 mm and number of turns = 50) was inserted into the bolt hole 
with the coil firmly positioned flush with the edge of the bolt hole. The probe was operated at a 
range of frequencies, from 100 kHz to 2 MHz. 
RESULTS AND DISCUSSION 
First we will present PI signals obtained for the EDM notches. The effects of eddy current 
diffusion length were compared by varying the coil excitation frequency from 100 kHz to 2 MHz. 
The thermal diffusion length effects were compared by using 10 to 100 Hz chopping frequency. 
We also compared PI signals for 0.25 mm, 0.50 mm, and 0.75 mm triangular EDM notches. The 
only data processing method applied to the PI data shown in this article is smoothing. No other 
artificial means were used to extract the features of the signals. 
Figure 3 shows the PI surface maps of a 0.25-mm rectangular EDM notch and a 0.50 mm 
triangular EDM notch. Figure 3(a) is the surface map of a 0.2S-mm rectangular EDM notch at 500 
kHz eddy current frequency, 40 Hz laser beam chopping frequency, and 1 Watt laser power. 
Figure 3(b) is the surface map of a 0.5-mm triangular EDM notch at 1 MHz eddy current 
frequency, and the same chopping frequency and laser power as in Fig. 3(a). The PI surface maps 
correspond closely to the shape and length of the notches. They also reveal information about 
depth. Ordinarily, when eddy currents are distributed uniformly around the corner crack (i.e. oec 
» crack length), cracks with sizes ranging from 1/4 oec to 112 oec can be mapped with good 
fidelity. 
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Figure 3. Photoinductive images for (a) 0.25-mm rectangular, and (b) 0.50-mm triangular EDM 
notches. Eddy current frequency, 500 kHz for 5(a) and I MHz for 5(b); laser power, 1 W; 
chopping frequency, 40 Hz. 
One prominent feature of the PI images is the depth information that is exhibited in the figures 
(signal strength oc flaw depth). This phenomenon can be interpreted as follows . When the laser 
beam is right on the notch, the laser beam will be trapped inside the notch. Although the beam is 
out of focus, most of the heat of the laser will be absorbed by the walls of the notch . The energy of 
the laser beam can either be reflected into the air or absorbed by the specimen. Since the walls of 
the crack are surrounded by eddy currents, a greater volume of metal will be affected by the heat. 
That will generate a stronger signal. A deeper crack has more wall area to absorb the energy . That 
is why the PI images reveal information on the depth of these EDM notches. Note that this may 
not be the case for a tight fatigue crack. 
Figure 4 shows the surface map and image of a 0.75 mm rectangular EDM notch. The PI 
image closely maps the length of this notch, but not its shape. The shape distortion at the end of 
the crack is due to the limited skin depth of the eddy currents. This PI imaging phenomenon can be 
interpreted as follows. The eddy currents penetrate into the Ti-6AI-4V sample about 0.91-0.64 
mm «lee, skin-depth) when the coils are excited at 500 kHz - 2MHz. Lower eddy current densities 
will induce weaker PI signals. The end of the crack that is nearer the coil has a stronger signal, 
while the end far from the coil has a weaker signal. Better images can be obtained when the eddy 
currents are more uniformly distributed across the crack face, as shown in Figs. 3(a) and 3(b). 
To demonstrate the sensitivity of the PI imaging technique, we measured a very small EDM 
notch that would be hard to detect using conventional eddy current methods. Figure 5 shows the 
surface map of a 0.075-mm deep and 0.15-mm long rectangular EDM notch. As shown in Fig. 5, 
the PI method can clearly detect this tiny notch. The shape is ambiguous because of the weak 
t' 
Figure 4. Shows the surface map of a 0.75-mm 
rectangular EDM notch. Eddy-current 
frequency, 500 kHz; laser power, I W; 
chopping frequency, 40 Hz. 
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Figure 5. Shows the surface map of a 0.075-
mm deep and 0.15-mm long rectangular EDM 
notch. Eddy-current frequency , I MHz; laser 
power, I W; chopping frequency, 40 Hz. 
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signal generated by this very small crack. The diffusion of eddy currents into the material can be 
seen from the profile of the map. There is no doubt that the PI method has the capability to detect 
cracks that are less than 0.25-mm long. 
To show that the photoinductive imaging technique is also effective for fatigue cracks, we used 
this method to image an actual fatigue crack grown at the edge of a bolt hole (Fig. 6). This fatigue 
crack was produced using a 35.6 kN load centered over the hole and cycled in three-point bending. 
After cycling the hole for 20,000 cycles, one crack 2.46 mm long was detected. As shown in Fig. 
7, the PI images clearly reveal this tight crack that is almost invisible to the unaided eye. 
Figure 6. Shows a microscopic photograph of a real fatigue comer crack initiated from the bolt 
hole edge. Diameter of the bolt hole = 6 mm; crack length == 2.46 mm. 
Aloa, the Crick (11m) 
Figure 7. Shows the photoinductive image and surface maps of the real fatigue crack shown in Fig 
6. Eddy-current frequency, 200 kHz; laser power, 0.4 W; chopping frequency, 40 Hz. 
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SUMMARY AND CONCLUSIONS 
This article has described a practical approach for using the photoinductive imaging method to 
map comer cracks in bolt holes. The initial results clearly demonstrate that this technique can be 
used to detect and to image comer cracks in a bolt hole. We examined a variety of EDM notches 
in Ti-6AI-4V that were either triangular or rectangular in shape, with lengths between 0.15 mm and 
0.75 mm. The PI imaging method proved capable of mapping the length and shape of EDM 
notches when the length of the notch is in the range between 114 oee and 112 oec. It also provides 
qualitative information about notch depth. Due to the eddy currents' limited penetration into the 
metal, the comer-crack's PI image is distorted when the length of crack is longer than 1I20ec. The 
PI technique can detect very tiny cracks less than 0.25-mm long, which are hard to detect using 
conventional eddy current techniques. 
PI imaging is a high resolution technique. The resolution and quality of the images are 
governed by the eddy current frequency, laser beam chopping frequency and focusing. We found 
that better images can be obtained by reducing the eddy current frequency. When compared to 
traditional eddy current methods, the photoinductive method has much better SNR and higher 
resolution, and so does not need signal processing to extract the signal's features as is required for 
ordinary eddy current methods. It may also yield more information about the critical features of 
the crack - the shape, length, and depth. The fact that the PI method can reveal information about 
the depth of EDM notches is due to the interaction between the specimen and the laser beam. 
More energy of the laser is absorbed by the sample when the laser is directed into the slot. Deeper 
slots have more area to absorb the energy, and will therefore generate a stronger signal. 
It has been shown that the photoinductive imaging technique is capable of detecting real 
fatigue cracks at the edge of a bolt hole. The photoinductive imaging technique was able to clearly 
delineate the surface length of the cracks. However, interpreting the depth of these fatigue cracks 
will require further study. Sethuraman and Rose [10] have investigated theoretically an approach 
to determining crack depth from photoinductive imaging data that may solve this problem. 
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